Introduction
Studies of natural ice clouds are identified as a major unsolved problem in climate research [Stephens et al., 1990] because of the large variability in shape and size of their particles [Miloshevich and Heymsfield, 1997] . However, ice clouds are known to have a significant impact on climate [Liou, 1986] . Thus to improve our understanding of radiative processes, which strongly depend on microphysical characteristics, we 
model. Indeed, measurements performed from ice replicator and microphotographic observations [Strauss et al., 1997] have
shown that (1) the hexagonal structure of ice particles is rather common due to the natural crystalline structure of ice water at thermodynamical conditions of high-level cirrus clouds. Yet, complicated particles like bullet rosettes, agregates, etc., are often observed in ice clouds. (2) Air bubbles may be trapped inside rapidly growing ice particles or inside suddenly frozen supercooled water droplets [Hallett, 1994] .
Moreover, measurements performed by the Counterflow Virtual Impactor (CVI) [Noone et al., 1993] have shown that mineral aerosol or soot impurities are sometimes trapped in ice crystals due to the presence of aerosol particles in the upper troposphere serving as ice nuclei, although only a small number (one or two) of impurities per crystal is generally found. To modelize ice cloud particles, we chose to keep the hexagonal structure of randomly oriented ice monocrystals in which we added trapped air bubbles and inclusions of mineral aerosol impurities [Macke et al., 1996b] . We assumed a spherical shape for these impurities (Figure 1 ). We also assumed that radii of air bubbles or impurities follow a gamma standard law n(r) characterized by the effective radius rcff and the effective variance veff.
While the ray-tracing technique concerns the refraction and reflection events at the outer boundary of the crystal, the Monte Carlo technique and Mie theory allow to calculate internal scattering events by spherical inclusions. These inclusions are randomly located in the crystal. In this model, two subsequent internal scattering events are characterized by a free path length defined by e = - [randqv] = qv is the probability to find qv when the polarization is not considered. The amplitude matrix also allows to obtain the two parallel and perpendicular components of the scattered electric field with respect to the local scattering plane.
To treat inclusions as independent scatterers and to assure the validity of Snell-Descartes law and Fresnel formulas, we assumed that the minimum distance between two subsequent events is larger than 4 times the particle radius . The percentagep of mineral aerosols with respect to air bubble populations is introduced. The absorption is taken into account by multiplying the energy of the photon with the Studying the effect of the presence of impurities in the crystal, we notice that one or two soot inclusions have a negligible effect on scattering; so we choose in this paper the value of the percentage p equal to zero (100% air bubbles). Consequently, the single-scattering albedo value is nearly equal to unity in the visible range. Finally, optical properties of the IHM model are mainly characterized by the four following structural parameters: (1) the aspect ratio L / 2 R of the crystal, (2) the mean free path length of the light (/?) between two inclusions, (3) the effective radius of the gamma standard size distribution of inclusions rcff, and (4) the effective variance of the gamma standard size distribution of inclusions vcff. Among the elements of the scattering matrix, the most important ones governing the total and polarized radiances, are the scattering phase function P • • and the degree of linear polarization -P • 2/ P•. Thus we limit our study to the effects of the four above mentioned structural parameters on P•i and -P•2/P•. For this purpose we fix the key value of three parameters, allowing the fourth to vary. The parameters vary around the key values summarized in Table 1. 
Effect of Structural Parameters on the IHM Scattering Phase Function
The effect of structural parameters on the IHM scattering phase function is presented in Figure 2 . For a pure ice crystal, varying the equivalent-sphere radius R v does not affect the scattering properties of the crystal in the visible range, except for the diffraction peak. On the contrary, when a crystal has impurities, changing the equivalent-sphere radius while keeping (/?) constant makes the scattering properties of the crystal change. Mishchenko and Macke [1997] have characterized the total amount of inclusions by their optical thickness rather than by (/?). Then, the variation of R,, for a given optical thickness does not change the scattering properties of the particle. If we consider R,, values within the range 30-50/xm, the variation on asymmetry parameter # is very low and does not affect the subsequent study. Thus we fix a realistic mean value of R,, to 40 txm [Heymsfield et al., 1990; Gayet et al., 1996] .
The aspect ratio L/2R affects the scattering properties of the crystal through the magnitude of the haloes. Indeed, the 46 ø halo magnitude increases when L/2R decreases, whereas the 22 ø halo magnitude increases when L/2R increases (Figure 2a) . Note that L/2R = 1; i.e., the most compact shape, gives the smaller value of the asymmetry parameter #, as for PHM model [Chepfer et al., 1998 ].
For a given crystal shape and a given size distribution of impurities the decreasing of (/?) provides a noticeable broadening of the scattering features, as well as a strong decreasing of the 22 ø and 46 ø halo magnitudes. Indeed, the decreasing of (e) leads to smooth the scattering phase function and decreases the asymmetry parameter # (Figure 2b) . Such a smoothing effect on the phase function produced by a large number of inclusions has already been described for hexagonal particles [Macke et al., 1996b] For given values of L / 2 R, (e), and Veff, forward scattering and effective radius vary in the same way, whereas backward scattering varies in the opposite way. Consequently # and r•f r increase together (Figure 2c ). This behavior is due to a stronger diffraction effect as the size of inclusions increases. Finally, for a given value of L/2R, (/?), and r eff, Figure 2d shows that forward scattering diminishes, whereas side and backward scattering grows along with v•ff. Indeed, a high value of v•ff induces small inclusions that scatter light more isotropically than large inclusions and thus decreases #.
Effect of Structural Parameters on the Degree of Linear Polarization
The effect of structural parameters on the degree of linear polarization is presented in Figure 3 . Figure 3a Table 1 ), Table 2 is used with IHMs. Smoothing of scattering matrix elements may also result from 'averaging different particle habits, for example by adding medium-sized hexagons with different shapes like plates and columns, small quasi-spheres, and large irregular particles. In the near future this possibility will be explored. A next step of this study would consist in analyzing the POLDER data variability in terms of dominating shapes of cirrus ice crystals, for localized ice clouds with small optical thicknesses (semitransparent cirrus clouds). This future study will be implemented in 
